The transport of the Antarctic Circumpolar Current (ACC) varies strongly across the cou-2 pled GCMs (general circulation models) used for the IPCC AR4. This note shows that a 3 large fraction of this across-model variance can be explained by relating it to the param-4 eterization of eddy-induced transports. In the majority of models this parameterization is 5 based on the study by Gent and McWilliams (1990). The main parameter is the quasi-6 Stokes diffusivity κ. The ACC transport and the meridional density gradient both correlate 7 strongly with κ across those models where κ is a prescribed constant. In contrast, there is no 8 correlation with the isopycnal diffusivity κ iso across the models. The sensitivity of the ACC 9 transport to κ is larger than to the zonal wind stress maximum. Experiments with the fast 10 GCM FAMOUS show that changing κ directly affects the ACC transport by changing the 11 density structure throughout the water column. Our results suggest that this limits the role 12 of the wind stress magnitude in setting the ACC transport in FAMOUS. The sensitivities 13 of the ACC and the meridional density gradient are very similar across the AR4 GCMs (for 14 those models where κ is a prescribed constant) and among the FAMOUS experiments. The 15 strong sensitivity of the ACC transport to κ needs careful assessment in climate models.
Introduction

26
The Antarctic Circumpolar Current (ACC) is the strongest current in the world ocean.
27
Its volume transport, measured in the Drake Passage, amounts to 137 ± 9 Sv (Cunningham 28 et al. 2003) . Its presence has a strong influence on the climate in Antarctica, and the 29 meridional overturning circulation across the ACC transports substantial amounts of heat, 30 carbon and other tracers (Shaffrey et al. 2009; Woloszyn et al. 2011) .
31
In the coupled general circulation models (GCMs) used for the Fourth Assessment Report varies over almost one order of magnitude, between 37 Sv and 337 Sv (Fig. 1a) . Russell et al.
34
(2006) identified, in a qualitative way, the relevance of the resolved fields (like wind stress 35 or salinity and temperature gradients) to this large spread, but a quantitative explanation 36 has not been fully established yet.
37
The GCMs used for the AR4 come with ocean components that have a typical horizontal 2. Parameterizing eddy-induced transports in GCMs Using an isopycnal framework, GM90 showed that, in a statistically steady state, the di-84 vergence of the flux of the mean density field by the mean velocity is approximately balanced 85 by the divergence of a mean density flux due to mesoscale eddies. As a parameterization 86 of this effect in non-eddy-resolving models they suggested a diffusion of isopycnal thickness 87 h = −∂z/∂ρ, with the potential density ρ referenced to local pressure. 
where u * and w * are the horizontal and vertical eddy-induced velocities, κ the eddy-induced 
97
The actual value of κ is not well constrained. GM90 themselves pointed out that κ 98 can vary strongly in space and time. As an example, if κ is diagnosed from eddy-resolving 99 models, it is found that there is considerable vertical structure. In the model used by Eden Ocean, but it decreases by up to one order of magnitude at depth.
102
The approach chosen by GWMM95 was to calculate the streamfunction of the eddy-
103
induced velocities from an observational data set (Levitus 1982) using a constant κ = 104 1000 m 2 s −1 . Since this reproduced the meridional heat transports with approximately correct 105 magnitude and meridional distribution, they suggested using a value for κ of this order.
106
Seeking to improve on using a constant κ, Visbeck et al. (1997) shows the results of this effort and goes beyond Russell et al. (2006) and Sen Gupta et al.
135
(2009) in providing these details. Of the 24 models that were studied, three models do not 136 use the GM parameterization (index N), thirteen models use an implementation of GM with 137 a fixed κ (index F ), and eight models diagnose κ from the stratification (index V ). That is,
138
in the V models κ is a two-dimensional field in latitude and longitude calculated at every 139 time step. The methods vary, but usually involve a vertical integral over the stratification.
140
V refers to Vis97 as one of the first papers introducing this method of calculating κ.
141
In some models κ is a function of the latitude or mesh size (see footnotes in Table 1), and   142 we used the value at the latitudes of the ACC in these cases. We have classified them as F 143 since κ is then still a constant at any given grid point. Whether the skew flux formulation 144 of Grif98 was employed was not taken into the account for our GM index since, in the light 145 of the above discussion, this does not affect the strength of the parameterized eddy-induced transports.
147
For the type F models, the value of κ ranges from 100 m 2 s −1 to 2000 m 2 s −1 (see also 2003) yields similarly small differences for most models, against which our results are robust.
196
In addition to the AR4 model data, we use the fast atmosphere-ocean GCM ( F . These two runs, which we call K600 and K2000, were integrated for 1000 years each.
210
In two further runs of 1000 years length, κ iso was varied along with κ, with the same two Conversely, the type F models have a cluster of somewhat weak ACCs around 100 Sv, with 222 the exception of model 5.
223
Our main result is that there is a clear and significant correlation (r = −0.79) of the ACC 224 transport with κ across the type F models (Fig. 1b) . We chose logarithmic axes in this Figure   225 to better capture the large range of κ values. On linear scales the correlation is r = −0.68 226 and is significant too. The significance is indicated by the low p-value (p < 0.05; however 227 the p-value might be an overly confident estimate because the climate models were treated 228 as independent for the calculation of the p-value. Pennell and Reichler (2011) suggest that 229 the actual number of degrees of freedom is lower than the number of AR4 climate models.)
230
The slope of the regression line in Fig. 1b The three FAMOUS runs (red diamonds) align well with the AR4 models in Fig. 1b ,   237 suggesting that the spread of ACC transports across the AR4 models can be explained, to 238 some extent, by the spread of κ. This also means that the sensitivities with regard to κ are 239 similar within one model and across different models.
240
The correlation of the meridional density difference ∆ρ y across the ACC with κ is even 
245
The FAMOUS runs again align very well with the AR4 models, showing that one individual 246 GCM like FAMOUS can map the across-model sensitivity of the AR4 models.
247
Given the importance of isopycnal diffusion (cf. sec. 2a), we tested whether the ACC 248 transport correlates with κ iso across the type F models (Fig. 1d) . It turns out that six 249 out of the nine type F models have κ iso = 1000 m 2 s −1 , precluding a significant correlation.
250
The FAMOUS runs with κ iso = κ (green diamonds in Fig. 1d) show an ACC sensitivity 251 that is very similar to the K600 and K2000 runs, with a somewhat larger response of the 252 ACC transport. In other words, whether only κ or both κ iso and κ are changed makes 253 no substantial difference. This suggests that κ dominates in setting the ACC transport in 254 FAMOUS.
255
12
The correlation between the ACC transport and ∆ρ y is strong (Fig. 2a) and is retained 256 when all AR4 models are considered (Fig. 2b) . Again, this is to be expected because of the 257 geostrophic balance of the ACC. The three FAMOUS runs align very well with the type F 258 models.
259
The influence of κ on the structure of the density field can be seen in more detail in Fig. 3 .
260
It shows ∆ρ y (z), the zonally averaged density difference across the ACC as a function of represented by solid lines.
265
The vertical structure of ∆ρ y (z) differs substantially among the models in Fig. 3 . For 
268
This explains plausibly why model 18 has the greater ACC transport (Fig. 1b) shows the top-to-bottom influence of κ on the horizontal density gradient: increasing κ leads 276 to a larger tendency to restratify, reducing ∆ρ y (z). Note that the deviation of FAMOUS from 277 observations is not an outlier in comparison with the full set of AR4 models (not shown).
278
13
We looked at the density changes in FAMOUS in more detail. Fig. 4 shows the zonally 279 averaged density fields of the control run (Fig. 4a ) and the anomalies of both K600 (Fig. 4b) 
280
and K2000 (Fig. 4c) 
290
We now discuss the correlation of the ACC transport with the maximum of the zonally 291 averaged wind stress τ x in the AR4 models as well as in FAMOUS. Fig. 2 shows the corre-292 lations for the type F models (panel c) and, for comparison, for all AR4 models (panel d).
293
For the type F models (Fig. 2c) , the correlation of the ACC transport with τ x is somewhat 294 lower than with κ or with ∆ρ y , and if all AR4 models are considered (Fig. 2d) transports. This can also be seen by comparing pairwise some of the AR4 models. For 299 instance, models 3 and 20 have virtually the same maximum zonally averaged zonal wind 300 stress τ x , but their ACC transports differ by more than 50 Sv (Fig. 2c ). This discrepancy is well explained by the difference in κ, which is 200 m 2 s −1 for model 20 and 1000 m 2 s −1 for 302 model 3 (Fig. 1b) . Model 18 and model 2 compare in a very similar way, and the ∆ρ y (z) 303 profiles in these four models are consistent with their ACC transports (Fig. 3) . Still, for 304 models with the same value of κ (e.g. models 2, 3 and 13 in Fig. 1b) , the varying strength 305 of the wind stress can explain the different ACC transports.
306
We believe that we analysed the most important diagnostics with regard to influence on 307 the ACC transport. There are however more diagnostics that could be studied. For example,
308
we have not investigated the dependence of the ACC transport on horizontal viscosity be- 
334
For the isopycnal diffusivity κ iso an across-model correlation with the ACC transport 335 could not be found. Additional FAMOUS experiments show that the ACC transport is 336 more sensitive to κ than to κ iso .
337
The correlation of the ACC with the maximum of the zonally averaged zonal wind stress 338 is weaker than with κ. modelling groups would diagnose these transports and make the data available.
354
The latest generation of GCMs, which is currently being used to produce simulations Yukimoto, S., Noda, A., Kitoh, A., Sugi, M., Kitamura, Y., Hosaka, M., Shibata, K., Maeda, Table 1 . Parameterizations of eddy-induced transports in the IPCC AR4 global coupled climate models. The GM index i GM is either N if such a parameterization is absent, F for a fixed quasi-Stokes diffusivity κ or V if κ varies as a function of the density field at each time step. "IS" stands for the interface smoothing that is used in isopycnal models. It is equivalent to applying GM. Of the references the first one (before the slash) gives the actual value of κ, if applicable. "PCMDI" refers to the online documentation available at http://www-pcmdi.llnl.gov/ipcc/model documentation/ipcc model documentation.php. runs, and the error bars show one standard deviation (of the annual means).
545
Since the standard deviations are very small for most models, simple squares 546 represent the models in the other panels as well as in Fig. 1 . In all panels the Table 1 ) sorted by the ACC transport (volume transport through Drake Passage) and the GM index (see text for definition). Red diamond: FAMOUS control run. (b) The ACC transport against the value of the quasi-Stokes diffusivity κ on logarithmic scales. Blue squares show the AR4 models, but only the type F models, where κ is constant or at most a function of latitude, are included. Red diamonds show the FAMOUS model runs. (c) The zonally averaged meridional density gradient across the ACC against κ, for the type F AR4 models (blue squares) and those FAMOUS runs where κ was varied (red diamonds). The scale for κ is logarithmic. (d) The ACC transport against κ iso , for the type F models (blue squares) and those FAMOUS runs where κ and κ iso were varied (green diamonds). The scale for κ iso is logarithmic. Here and in Fig. 2 , the black lines are the regression lines, and the correlation and regression coefficients are calculated from the AR4 models, excluding FAMOUS. In panel d) the first regression coefficient is not significant. Upper row: the ACC transport against the meridional density difference ∆ρ y across the ACC for (a) the type F models and (b) all AR4 models. Lower row: the ACC transport against the maximum zonally averaged wind stress τ x over the Southern Ocean for (c) the type F models and (d) all AR4 models. In all panels, the red diamonds represent the FAMOUS model runs (where only κ was varied). There is no significant correlation with τ x if all AR4 models are considered, while a correlation with ∆ρ y is retained. In (d) the crosses denotes the mean value from the last 100 years of the control runs, and the error bars show one standard deviation (of the annual means). Since the standard deviations are very small for most models, simple squares represent the models in the other panels as well as in Fig. 1 . In all panels the black asterisk indicates observational values. These are from Cunningham et al., 2003, 
